The goal of this present study was to precisely determine the dimension and location of the impaction fracture on the lateral femoral condyle in patients with an ACL rupture. Methods: All patients with post-injury bi-plane radiographs and MRI images after sustaining a tear to the anterior cruciate ligament were included. Lateral radiographs of the affected knee were inspected for a lateral femoral notch sign. MRIs of patients with a lateral condylopatellar sulcus ≥1.5 mm were used to segment and measure the lateral condylopatellar sulcus. The MRI examination was interpreted by an expert in musculoskeletal radiology. The study was approved by the ethics committee of the state of Salzburg. Results: A "lateral femoral notch sign"was seen in 50 patients. The average total surface area of the lateral femoral condyle was 3271.7 mm 2 (SD 739.5 mm 2 ). The defect had a mean surface area of 266.1 mm 2 (SD 125.5 mm 2 ), a mean volume of 456.5 mm 3 (SD 278.5 mm 3 ), a mean depth of 3.0 mm (SD 0.8 mm). On average 169 mm 2 (SD 99.6 mm 2 ) of the surface of the condyle were affected by the impaction fracture which corresponds to 5.2 % (SD 2.8 %) of the surface of the lateral femoral condyle. In 51 % the impaction fracture was located in the central-external area of the femoral condyle. Conclusions: In cases of a clinically suspected ACL rupture lateral radiographs of the knee should be checked for a lateral femoral notch sign further MRI for confirmation should be performed. Knowing of the precise defect on the lateral femoral condyle is an additionally valuable information, as concomitant injuries to a rupture of the anterior cruciate ligament increase the risk for early-onset osteoarthritis in the future.
Background
It is known that 80-85 % of all osseous injuries observed in the knee after a tear of the anterior cruciate ligament (ACL) are found in the lateral compartment [1] [2] [3] . The injury mechanism that leads to an ACL tear involves an anterior subluxation of the tibia in relation to the femur. This can provoke a collision between the lateral femoral condyle and the postero-lateral edge of the tibial plateau, [4, 5] which may result in a "kissing contusion". The location of this engagement depends on the degree of flexion of the knee while subluxating. The more forceful such an impact is, the greater the damage to the lateral femoral condyle may be [6] . In most cases the lateral femoral notch has only radiographic significance with no need for surgical treatment. These lesions like bone bruises may only be visible with magnetic resonance imaging (MRI), while in other cases an impaction of the subchondral cortical bone may be apparent on a conventional X-ray image. These highly developed injuries have a clinical relevance due to deformation of the articular surface of the femoral condyle, as a possible precursor of osteoarthritis [7] . Such osseous injuries with impaction fracture of the lateral femoral condyle are referred to as the lateral femoral notch sign. These have been reported to accompany ruptures of the ACL in 20-60 % [4, 7, 12] . Apart from being an sign for the presence of a torn ACL, [8] these impaction fractures can also be relevant due to their long-term detrimental effect to the joint [9, 10] . As knees with abnormal notches on the femoral condyle showed lateral meniscus injuries more frequently than those without such notches [11] . Cobby et al. reported that patients with an intact ACL showed an average depth of the sulcus of 0.5 mm while patients with a torn ACL showed an average sulcus depth of 0.9 mm. The authors concluded that a sulcus depth exceeding 1.5 mm which corresponds to a standard deviation 3 times above the norm could be considered as a reliable indicator of an ACL rupture, a cut-off, which was also chosen in this investigation to define patients for further investigation of their MRI [8] . In most cases, this finding may not be clinically relevant in terms of the need for a surgical repair. Although very little literature exits, it seems that more extensive impactions that lead to a relevant deformation of the articular surface of the femoral condyle can be associated with an increased risk of earlyonset osteoarthritis [7] . Attempts have been made to treat extensive osteochondral impaction fractures of the lateral femoral condyle, in order to prevent long-term consequences such as osteoarthritis [7, 12, 13] . For this reason several authors tried to characterize the localization of this radiologic sign. Kaplan et al. reported in their study, that the bone bruise would be located in the central to anterior part of the lateral femoral condyle, but they had not divided the condyle into sub-areas [14] . Speer et al. investigated sagittal and coronal MRIs in order to define the precise localization of the impaction fracture on the lateral femoral condyle. They reported that the lesions were predominantly located in the area of the sulcus terminalis and obviously would tend to be located laterally rather than medially [15] . Graf et al. were the first group who divided the lateral femur in defined regions for a better specification of the location [1] . Therefore the goal of this present study was to precisely determine the size and location of impaction fractures on the lateral femoral condyle ("lateral femoral notch sign") in patients with an ACL rupture.
Methods
The knee database of the Department of Traumatology and Sports Injuries was searched for patients who had an arthroscopy of the knee between 2006 and 2010 independent of the preoperative diagnosis. Next, all surgical reports were reviewed, and cases with pathology of the ACL were selected for further investigation. Patients originally scheduled for meniscal surgery, as well as for an ACL repair were included. All of this patients underwent an examination with MRI. This left 422 patients for radiological examination. Of these 20 (4.7 %) previously undergo ACL replacement, 310 (73.5 %) had a complete tear of the ACL, 4 (0.9 %) had an osseous avulsion of the ACL, 63 (14.9 %) had a partial tear and 25 (5.9 %) had an elongation of the ACL. All x-rays of these 422 patients were retrospectively examined for an unusually deep lateral condylopatellar sulcus by employing the measurement technique proposed by Warren et al [8] .
All lateral x-rays of the knee were performed in a standardized technique by our radiologist assistant. Afterwards the depth of the lateral condylopatellar sulcus was measured by drawing a tangential line across the sulcus on the articular surface of the lateral femoral condyle. Then the depth of the sulcus was measured perpendicular to that line at its deepest point [16] (Fig. 1 ). This revealed 64 knees with a sulcus depth over 1.5 mm that were selected for further investigation. Reviewing these MRI, 14 with a suspicious x-ray apparently had no evidence of a lateral femoral notch sign, so they were excluded from further investigation, which left 50 knees for MRI evaluation. All images were done for patient examination and corresponds to normal clinical routine, yet written consent were obtained of all of the patients. The study was approved by the ethics committee of the state of Salzburg, Sebastian-Stief-Gasse 2, A-5010 Salzburg, Austria in terms of stating that an appraisal would not be necessary, because no harm to the patients performing an MRI of the knee would be expected.
MRI evaluation
The MRI were obtained from diagnostic routines of the patients, using Siemens (Eschborn, Germany) and Philips Medical Systems (Andover, USA) scanners with magnetic field strengths between 1.0 and 3.0 Tesla. As clinical routines do not include specific sequences for cartilage Fig. 1 Measurement technique to determine the depth of the femoral notch on lateral x-rays quantification, standard diagnostic sequences with good cartilage delineation were chosen. If available, proton density weighted turbo spin echo sequences were preferred, but plain turbo spin echo or spin echo sequences were also accepted ( Table 1 ). All images were segmented at the university's institution of anatomy using a proprietary software suite (Chondrometrics GmbH, Ainring, Germany).
Segmentation of the MRI
The MRI examination was interpreted by an expert in musculoskeletal radiology. The measurement based on a technique described by Dr. Eckstein [11, 17] . Segmentation of the entire femoral subchondral bone surface area was performed manually in all slices between the trochlear notch of the femur and the most lateral aspect of the lateral femoral condyle. In the region affected by the impaction fracture, the gap was bridged by a contour approximating the contour of the subchondral bone area under normal anatomical conditions. The depressed portion was separately marked ( Fig. 2 d-f ). Additionally a 3D reconstruction of the subchondral bone area and the impaction fracture was performed from the segmentations.
The sagittal MRI of the subchondral bone area was divided into three segments in anterior-posterior direction: A plane constructed from a) the vector through the trochlear notch and parallel to the femoral shaft and from b) the vector connecting the most posterior points of the medial and lateral femoral condyle was used to separate the trochlea of the femur from the lateral femoral condyle. A second plane was positioned at 60 % of the distance between the trochlear notch and the most posterior points of the femoral condyles and parallel to the 1st plane to separate the central, weight-bearing segment of the lateral femoral condyle from the posterior segment of the lateral femoral condyle. The trochlea of the femur, the central segment of the femoral condyle, and the posterior segment of the femoral condyle were additionally separated into one internal and one external segment by using 50 % of the maximum medial to lateral extent of the segmented subchondral bone area as criterion ( Fig. 2a-c) .
The extent of the lateral femoral notch was determined by different parameters. The maximum extension of the defect in the antero-posterior direction, its transverse extension, as well as the defects depth were measured in absolute values (millimeters). The primary articular surface area ( Fig. 2d , green line) affected by the defect was measured in square centimeters and was related to the surface of the whole lateral condyle in percent. Additionally the concave surface ( Fig. 2e , pink line) area of the lateral femoral notch was determined in absolute values (square centimeters) and finally the volume of the defect was calculated in cubic millimeters.
Results

Mapping of the lateral femoral condyle
Most often, osseous impactions were located in the central internal and external segments which were referred to as the main weight bearing area. Sixty-eight percent affected by the impaction, this equaled 30.8 % of the defined weight bearing area, were located in the central internal and external regions of the condyle's surface. An overview of the distribution of the defect surface affecting the defined segments of the lateral femoral condyle's surface is given in Fig. 3 .
Magnetic resonance imaging results
The lateral femoral condyle had an average surface area of 32.7 cm 2 (SD 7.4 cm 2 ). The fracture had a mean surface area of 2.7 cm 2 (SD 1.3 cm 2 ), a mean volume of 456.5 mm 3 (SD 278.5 mm 3 ), and a mean depth of 3.0 mm (SD 0.8 mm). The average area affected by the impaction fracture was 1.7 cm 2 (SD 0.1 cm 2 ) or 5.2 % of the lateral femoral condyle surface area. The variables calculated for the six individual segments are displayed in Table 2 .
Discussion
To our knowledge this study is the first to provide a complete analysis of the extension, volume, depth and localization of the lateral femoral notch sign using MRI. Bone bruises or micro-fractures are frequent concomitant lesions of ACL ruptures but are mostly only detected on MRI [14, 15, 18] . Depending on the severity of the injury, lesions vary between mere bone bruises and true impaction-fractures of the lateral femoral condyle, the so called "lateral femoral notch sign" [7] . This study has several limitations. A main issue is the large number of scanners and MR sequences with differing MR parameters (i.e.: resolution, echo time, flip angle) employed. However, it has been shown that the precision of the technique is excellent, [19] . and that deviations and variations in MR sequence parameters affect the results of cartilage quantification less than 10 % [20] . Finally, this is a retrospective study which can only use the available materials. First of all it is difficult to distinguish between a deep lateral condylopatellar sulcus and a small impaction-fracture. The depth of an individual's native sulcus is impossible to determine, and evaluation of the contralateral uninjured knee may be necessary to obtain a surrogate measure for the depth of the uninjured sulcus, assuming that the patient is symmetric. A distortion of the results might have been caused by the fact that the analyzed lateral femoral condyles respectively the condylopatellar sulci were convex, but under physiologic conditions this convex shape can sometimes also show a small pit. Therefore, the depth of the lesions might have been overestimated as the initial sulcus depth was unknown, but according to the work of Cobby we estimated that the mean depth in patients without a tear of the ACL is 0.45 mm [16] . Still, all MRI reviewed were those, which had been acquired in the wake of the injury. A final limitation is the varying quality of the investigated MRI, which though reflects daily routine in an outpatient clinic. Nevertheless the resolution of the MRI images has been high enough in all cases, that the defects have been segmented with a high amount of voxel, that the precision most probably did not suffer from [21] .
Graf et al. were the first group who divided the lateral femur in defined regions for a better specification of the location. With the knee in full extension, they defined the anterior part as the part in front of the anterior horn of the lateral meniscus, and the posterior part as the part posterior to the posterior horn of the meniscus [18] . In their study population the majority of the lesions were observed in the middle part of the lateral femoral condyle, which resembles our findings. Warren et al [8] . and Cobby et al. [16] compared X-rays of patients with and without a rupture of the ACL. Warren et al. observed a sulcus of 1.5 mm or deeper in 2 patients out of 52 with acute rupture of the ACL and in 13 out of 101 patients with a chronic rupture of the ACL. In comparison, only 1 patient out of 47 with an intact ACL showed a sulcus deeper than 1.0 mm. Warren et al. concluded that a sulcus sign more than 2.0 mm in depth detected on a X-ray image would be rare, but reliable indicated an ACL rupture [8] . In a study by Cobby et al. 62 patients without and 41 patients with a verified rupture of the ACL were examined. The authors concluded that a lateral condylopatellar sulcus exceeding 1.5 mm depth, which corresponds to a standard deviation 3 times above the norm, would be a strong indicator for a sustained ACL injury [16] . Comparing our findings to the work of Warren et al. [8] and Cobby et al. it is obvious, that the size of the lateral femoral notch helps to determine the presence of a ruptured ACL. In this study 4 patients only with a partial rupture of the ACL also showed a lateral femoral notch sign. This finding leads us to the opinion that injuries which only cause a partial rupture of the ACL, also seem to exert significant force to the articular joint in some specific cases. The long-term success of an ACL reconstruction not only depends on restoring knee stability and function but also on preventing degenerative changes [22] . According to the knee trauma cascade [23] concomitant injuries to a rupture of the anterior cruciate ligament increase the risk for early-onset osteoarthritis in the future. In most cases the lateral femoral notch may only radiographically picture a significant lesion with no need for surgical treatment, whereas large defects can become clinically relevant. Because of the deformed articular surface in weightbearing areas of the femorotibial joint, early-onset osteoarthritis may result on the long term, if such lesions are left untreated [7, 12, 13] . These long-term consequences may be influenced by several factors such as apoptosis of chondrocytes, loss of proteoglycans, and destruction of collagen structures [24] . Furthermore it is possible that such subchondral osseous injuries may heal with callus-formations that may thicken and stiffen the subchondral bone layer. The resulting diminished flexibility of the subchondral bone can lead to increased pressure applied to the overlying cartilage leading to earlyonset osteoarthritis in the long-term [25] . What our study showed is, that unfortunately that the lesion is in most of the cases in the weight bearing area (CI/CE) of the femoral condyle. According to Costa-Paz et al. there is reason to believe that the impaction fracture of the lateral femoral condyle is non-transient [25] . Therefore knowing the localization and the extent of the lesion is of upmost importance for further treatment decisions as well as for long-term prognosis. Further studies are needed to determine the actual long-term effects of extensive defects of the lateral femoral condyle regarding early-onset osteoarthritis.
Conclusions
In the case of a clinically suspected ACL rupture, lateral radiographs of the knee should be checked for a lateral femoral notch sign. Further MRI for confirmation of the ACL tear should also be used, carefully be inspected for the size and localization of an eventual defect to the lateral femoral condyle. The size of the lateral femoral notch may influence the prediction of the patient's future prognosis regarding early-onset osteoarthritis, further investigations are needed to define a cut-off to support the decision between surgical and conservative treatment. 
